Abstract-A design to enhance the photocurrent density in an inverted bulk heterojunction organic solar cell is explored. Aluminum nanoparticles dispersed in the hole transport layer at the rear end of the device structure are observed to enhance the device performance through multiple effects including enhanced absorption and better charge collection. Modeling and simulations are used to understand the mechanisms of optical transport that underlie the enhancements which are experimentally observed.
Another design problem involves increasing the total absorption in the active layer by trapping light. There are various methods to enhance the light absorption in the device by both geometrical engineering of the device, tuning of electrode microstructures, and embedding metal nanoparticles in the active layers or buffer layers of the devices [5] [6] [7] . Of specific interest in the context of this paper is the enhancement effects shown by inclusion of metal nanoparticles in the device architecture. Incorporation of metal nanoparticles in the active layer of organic photovoltaic devices has been studied in theory and practice [8] and is known to increase the overall absorption in the active layer through near-field enhancement. However, this comes with rigid constraints on the particle-size which requires a highly monodisperse size distribution. This is because larger particles comparable to the thickness of the active layer could cause electrical shorting. Furthermore, in an absorber matrix, these particles could act as trap-assisted recombination sites [9] [10] [11] . Also, metals traditionally employed for enhancement through plasmonic effects are gold and silver, which are relatively expensive [12] .
There are also reports on effects of incorporation of metallic nanoparticles in the buffer layers [13] , [14] . However, considering the simplicity of process, it is interesting to consider the possibility of using polydisperse metallic nanoparticle dispersion in the device architecture to specifically enhance the performance of inverted organic solar cells. Here, a design strategy employing a polydisperse distribution of cost-effective aluminum nanoparticles to simultaneously address the possibility of improved absorption through light trapping and improved charge collection through spatially localized exciton generation is evaluated. The metallic nanoparticles which are incorporated in the hole transport layer at the rear end of the inverted device architecture are seen to enhance the device-performance through both light trapping and improved charge-collection. We employ a combination of experiments and simulations to understand the optical transport mechanisms underlying the observed enhancements.
II. EXPERIMENTAL
ITO-sputtered glass slides were procured from Delta Technology, USA. PC 60 BM was obtained from Nano-C. Polyallyl amine (PAA) was procured from Sigma Aldrich chemicals. PE-DOT:PSS (Al4083) was procured from Heraeus Precious Metal GmbH & Co, Germany. P3HT was purchased from Reike metals USA. Al nanoparticles (AlNPs) were purchased from Alfa Aesar.
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. Inverted bulk heterojunction (BHJ) photovoltaic devices were fabricated as follows. ITO substrates was cleaned by ultrasonication in detergent solution, deionized water, acetone, and isopropanol and subsequently dried with nitrogen gas. Then, dried ITO substrates were subjected to UV-ozone treatment for 20 min at 35°C. A thin layer of PAA (5 mg·mL -1 of DI water) was deposited on the ITO substrates which were subsequently annealed at 110°C for 10 min. The PAA layer reduces the work function of ITO from 4.7 to 4.0 eV through the formation of dipoles at the interface of ITO and PAA [15] . The P3HT:PC 60 BM blend solution (1:0.8 ratio by weight, at a concentration of 20 mg of P3HT per 1 mL of 1,2-dichlorobenzene, stirred overnight at 50°C) was spin coated on the PAA layer at 1000 r/min for 60 s. Then, the active layer was annealed at 140°C for 15 min. To prepare Al4083/AlNP composite, 10 mg of AlNP was dissolved in 1 mL of Al4083 and stirred overnight. This composite solution was spin coated over the active layer at 3000 r/min and annealed at 110°C for 10 min. A 100 nm thick silver anode was then thermally evaporated on the HTL at a rate of 1Å/s. The isometric view of the device architecture and its energy band diagram are shown in Fig. 1 (a) and (b), respectively.
Measurements of the optical properties were carried out using a UV-visible spectrometer (PerkinElmer). Electrical characterization was carried on a Keithley 4200SCS. A newport AAA solar simulator was used to simulate the AM 1.5G solar irradiance for photovoltaic characterization. Quantum efficiency measurement was carried out using an EQE measurement unit (Enli-Technology Co. Ltd.). A Bruker AFM was used to study the surface properties of the composite layer and to visualize the AlNP distribution. The nanoparticles were studied by a Panalytical X-ray diffractometer. The fabrication was carried out in an inert N 2 atmosphere, in a glove box (Angstrom Engineering and Jacomex).
Three types of device architectures explained as follows, along with the naming convention adopted, are evaluated. 
III. RESULTS AND DISCUSSION

A. Aluminum Nanoparticle Characterization
The X-ray diffraction pattern of the aluminum nanoparticles shown in Fig. 2 shows characteristic phases of aluminum. From the SEM micrograph of the aluminum particles (inset, Fig. 2) , it is seen that particles are spherical in shape and the diameter varies roughly from 30 to 110 nm.
B. Morphological Characterization of the Composite Buffer Layer
The calculated area rms roughness is 2.25 ± 0.06 and 2.85 ± 0.04 nm for the PEDOT:PSS and PEDOT:PSS/AlNPs composite surface, respectively. This is seen from the AFM images Fig. 3(a) and (b) of the PEDOT:PSS and the composite films, respectively, where the surface morphology of the composite layer consisting of PEDOT:PSS and AlNPs is almost similar to the neat PEDOT:PSS layer. The cross-sectional SEM image in Fig. 3(c) shows the embedded AlNP in the PEDOT:PSS matrix.
C. Optoelectronic Characterization
The optical absorbance of device-A and device-C is compared in Fig. 4(a) . Significant broadband enhancement in the absorption is observed in the spectral band of interest (300-700 nm) in separate spectral bands (viz., 300-400 and >500 nm) as seen from the difference between the absorbance of devices A and C.
The simulated difference in the total absorptance between the device employing the composite hole transport layer and the planar device is shown in Fig. 4(b) and (c) for two different spacings s between the particles -20 and 90 nm. It is seen that the spectral windows where enhancements are absorbed are similar to the experimental observations [see Fig. 4(a) ]. It is also seen that the position of these peaks is not sensitive to the particle spacing. The strength of these peaks can be tuned by varying the diameter d of the nanoparticle. Specifically, as seen from Fig. 4(b) and (c) for a given particle spacing, it is seen that the strength of these enhancement peaks initially increases with the particle diameter and later decreases.
The increased absorption is seen to reflect as an increase in the short-circuit current density J sc of the device-C compared to device-A as seen in Fig. 5(a) . Device-B exhibits an increased J sc , but a reduced open-circuit voltage V oc and fill factor (FF). This could be due to establishment of direct electrical contact between the active layer and the silver electrode through relatively larger AlNPs. This problem is overcome by depositing another thin layer of PEDOT:PSS (Al4083) on the composite HTL prior to the deposition of the Ag anode. Evidently, the device-C in which this additional deposition was carried out shows an increased photocurrent without losses in V oc and FF. The box plot of J sc shown in Fig. 5(b) shows a statistically averaged improvement in the photocurrent of around 11%. The effect of the composition of the composite hole transport layer is studied. It is observed from Fig. 5(c) that an optimum concentration of 2 mg of AlNPs per mL of PEDOT:PSS yields the best results. The increased short-circuit photocurrent density is seen to result from a broadband increase in the external quantum efficiency [see Fig. 5(d) ] in device-C relative to device-A. Although the enhancement in the absorption occurs at specific spectral bands as seen in Fig. 4(a)-(c) , the quantum efficiency exhibits a broadband improvement. This suggests additional mechanisms of enhancement other than the spectrally localized improvement in the absorption, which will be discussed in the next section.
D. Mechanistic Insight From Optical Transport Simulations
A single unit cell of the two-dimensional (2-D) simplified device architecture adopted for simulations is shown in Fig. 6(a) . A periodic 2-D model with equispaced and equisized metal particles is assumed for simplicity. The representative values of the parameters shown in this figure are listed in Table I . Of special interest is the diameter d of the AlNP and the spacing s between the particles. To gain an understanding of the role of particle size and spacing, a simplified periodic model is assumed. The simulations were carried out by solving Maxwell's equations in the frequency domain, using COMSOL multiphysics finite element software. The maximum element size in the mesh was limited to 5 nm, which is small compared to the minimum wavelength simulated (333 nm). The mechanism by which the nanoparticle dispersion improves the photocurrent can be understood from the electric field patterns in Fig. 6(b) , shown for a wavelength λ = 500 nm. The spatial variation of |E x |, the absolute value of the xcomponent of the electric field shows that electric field lines emerge from one nanoparticle and terminate on the neighboring particle which reveals the formations of interacting dipoles between neighboring nanoparticles. The spatial variation in |E y | reveals the formation of an electric quadrupole on a single particle. This results due plasmonic modes of a single particle. Careful observation of |E y | also shows that the electric field patterns are also modified due to interactions between the particle and the top electrode which also point out that the separation between the particle and the back electrode could be another interesting design variable. The presence of the nanoparticle also results in scattering of the out-of-plane component of the incident wave as seen from the spatial variation of |E z |, due to requirements of a spherical metallic boundary around the nanoparticle. The three phenomena observed above result in improved light trapping and charge collection. As seen from Fig. 6(d) , the presence of the particle improves the maximum photocurrent that can be extracted at short circuit with respect to the planar reference device, which is shown as by the black dotted line. Under conditions of optimal particle spacing and diameters, the simulations predict an improvement of around 8% in the photocurrent which is similar to the enhancements observed in the experiments. Furthermore, we notice that the modified exciton generation profile in the presence of the nanoparticle favors better charge extraction. In particular, in Fig. 6(c) , the generation-rate profile in the presence of the nanoparticle (d = 50 nm, s = 50 nm) is shown. It is seen that there is a significant exciton-generation in the vicinity of the silver anode. This results from the light scattering effects explained earlier.
As a result of the increased exciton generation near the holecollection interface, the average collection distance and thus the average transit time for holes is reduced. This further reduces the probability of recombination of holes before collection. This improvement in collection efficiency is a broadband effect and contributes synergistically to the improved photocurrent along with the spectrally localized improvements in the absorbance. This explains the broadband improvement in the EQE as seen from Fig. 5(d) . Thus, in the presence of metallic nanoparticles, the EQE sees an improvement from two phenomena-a spectrally localized improvement due to absorption enhancement by plasmonic action, and a broadband enhancement due to improved charge carrier collection.
IV. CONCLUSION
In summary, it is demonstrated that incorporation of a polydisperse aluminum metal nanoparticle dispersion in the holetransport interface layer at the back end of an inverted organic solar cell structure leads to an improved photocurrent. The enhanced performance stems from the scattering by the metal nanoparticles leading through isolated and coupled dipoles and multipoles. The resulting scattered field pattern is seen to both enhance the absorptance by light trapping and spatially localize the exciton generation near the electrode of interest. Simulations also predict the existence of scaling law behavior between the particle diameter and spacing, such that the highest enhancement in the photocurrent is obtained for an optimal combination of these two parameters. The use of polydisperse metal nanoparticles is thus an interesting approach to improve the opto-electronic performance of inverted BHJ solar cells.
